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Abstract
The fine chemical industry has experienced a tremendous growth over the past few years due to the high demand for products like pharmaceuticals, pesticides, fragrances and flavoring, and feed additives. The production of these products which require stringent specifications is definitely non-trivial. The stoichiometric organic synthesis, currently being followed, leaves large quantities of inorganic salts as byproducts whose disposal is a serious problem due to the heightened environmental awareness and the tighter regulations. Furthermore, increased competition in industry has pushed the research and development towards finding more cost-effective catalytic routes. One specific area that can have a large impact on the environmental issues is the utilization of solid heteropoly compounds (HPC) as a substitute for conventionally used reagents such as HF, H2SO4 etc. Even though many developments like incorporation of heteropolyacids into the channels of mesoporous materials have been adopted for improving product selectivity there are still many areas and processes to be explored. Aim of the present work Catalytic ammoxidation of heteroaromatic compounds to their corresponding nitrile is an important area in fine chemical synthesis, In particular, the ammoxidation of 2-methylpyrazine to 2-cyanopyrazine is an essential step in the synthesis of amidopyrazine, an efficient tubercular drug. The conventional multi-step process is unacceptable both economically as well as environmentally. In the catalytic route the vanadium based catalysts, though found to be active, operate at high reaction temperatures. For an exothermic reaction, like that of the ammoxidation, high reaction temperatures substantially decrease product selectivity besides posing the danger of reactor runaway. So there is an ample scope for design and development of new catalysts which are active at low temperatures and offer high nitrile selectivity.Many studies have been devoted to the application of 12-molybdophosporic acid (MPA) as catalyst both in liquid and gas phase reactions like oxidation and alkylation. This catalyst has also been thoroughly characterized, both as bulk as well as supported catalyst. There are a few studies on the synthesis, characterization and evaluation of the ammonium salt of 12-molybdophosphoric acid (AMPA). But by no means these efforts are exhaustive or complete. Particularly, there has been no study devoted to the understanding of the reactivity of this catalyst in the ammoxidation. Although MPA, employed as catalyst for the ammoxidation of 2-methylpyrazine, eventually turns into AMPA during the reaction, high selectivity could not be achieved. The present work examines the direct applicability of AMPA as a catalyst in the said ammoxidation reaction. One of the objectives of this investigation is to make a detailed study and distinguish the catalytic functionality of the acid and the salt. Since the performance of the catalyst depends on the method of preparation, it is also proposed to identify the suitable method of preparation of AMPA. By means of selection of supports, which vary in their nature of surface sites (acid-base, for example), this thesis aims at examining the nature of salt-support interaction. A thorough characterization of the catalysts using conventional as well as spectral techniques is yet another objective of the study, by means of which it is planed to identify the nature of the species formed at the salt-surface interface and correlate it with the activity and selectivity of the catalysts. An attempt has also been made to incorporate other metals into the structure of the catalyst and their influence on the performance of the catalyst is examined. This thesis also aims at development of a suitable technique for the determination of dispersion of the salt on the support as a function of loading.The thesis has been broadly divided into the following headings. Chapter I: General Introduction Chapter II: Literature review Chapter III: Experimental Chapter IV: Studies on bulk ammonium salt of 12-molybdophosphoric acid catalysts ? Comparison of the structure and reactivity of the MPA and AMPA pre-treated at different temperatures. ? Effect of method of preparation on the structure and activity of AMPA: Applicability of the Solid-Solid wetting method. ? The influence of phosphorous precursor on the synthesis and catalytic activity of AMPA. Chapter V: Studies on supported ammonium salt of 12-molybdophosphoric acid catalysts ? Studies on hydrated Nb2O5, nH2O and crystalline Nb2O5 supported AMPA. ? Studies on SiO2 supported AMPA. ? Studies on TiO2 supported AMPA ? Studies on ZrO2 supported AMPA ? Studies on g-Al2O3 supported AMPA Chapter VI: Studies on transition metal incorporated ammonium salt of 12- molybdophosphoric acid catalysts ? Studies on vanadium substituted AMPA ? Studies on bismuth substituted AMPA ? Studies on antimony substituted AMPA Chapter VII: ConclusionsGeneral Introduction Heteropoly compound based catalysis has been growing very rapidly in recent years. The reason for this is related essentially to two factors; (i) their versatility in composition and chemical - physical features, coupled with their relatively easy preparation, and (ii) the possibility, not often met in catalysis of design of the catalyst that is necessary to achieve defined properties. These aspects have led to intense research activity for the application of heteropolycompounds not only in the field of catalysis, but also in the fields of medicine, photochemistry, materials and microdevice technology. There exists a large number of different heteropolycompounds, the important being those containing the Keggin structure used in various heterogeneous gas phase reactions. The intrinsic multifunctionality of these compounds can be useful in those reactions where different kinds of synthetic steps are needed. Recently, it was reported that heterpoly compounds could effectively catalyze the redox type reactions like ammoxidation. Aromatic and heteroaromatic nitriles are important synthetic intermediates used in pharmaceutical, pesticide, dyestuffs, liquid crystal and polymer synthesis; for example, 2-cyanopyrazine (CP) is an important intermediate in production of 2-amidopyrazine, popularly called pyrazinamide. The catalytic route involves the ammoxidation of 2-methylpyrazine (MP) CP, in vapor phase using various transition metal oxides based catalysts operated at 360-450 o C temperature and atmospheric pressure. Cyanopyrazine is subsequently hydrolyzed to amidopyrazine or pyrazinamide. 12-molybdophosphoric acid is eventually turns into its ammonium salt during the ammoxidation reaction in presence of ammonia and water, which was claimed as reason to achieve maximum nitrile selectivity. It is interesting to study the applicability of the ammonium salt directly in place of the acid. An effect is made in this direction. A thorough study was aimed to study the thermal stability of ammonium salt of 12-molybdophosphoric acid.Literature review A review of literature available in various scientific publications and patents on the synthesis, characterization and the catalytic functionality of performance of the heteropoly compounds, with particular reference to the ammonium salt of 12-molybdophosphoric acid (AMPA) was given in this chapter. Particular emphasis has been given to methods of preparation of 12-molybdophosphoric acid and its ammonium salt and various characterization techniques like XRD, FTIR, TGA, 31 P NMR, TPDA and SEM adapted to study the physico-chemical features reported in the literature. Chapter 3 Experimental This chapter deals with methodology of catalysts preparation techniques, basic concepts and experimental details of different characterization techniques and other details of experiments used in this thesis. For the synthesis of bulk catalysts three major methods were adopted in the preparation of AMPA catalysts namely solid-solid wetting, precipitation and impregnation. The supported catalysts were prepared by impregnating commercial supports Nb2O5, SiO2, TiO2, ZrO2, g-Al2O3, with known amounts of the pure AMPA. The extent of AMPA loading was also varied between 5 to 25wt.%. Transition metals (V, Bi, Sb) incorporated AMPA catalysts were also prepared by precipitation method. The ammoxidation runs were carried in a continuous, fixed bed micro-catalytic reactor, in vapour phase, at atmospheric pressure. The analysis of the products was carried out by Gas chromatography. The main product was 2-cyanopyrazine with a minor dealkylated product, pyrazine. Nitrogen adsorption for BET surface, X-ray diffraction, the Fourier transform infrared spectroscopy, 31 P MAS NMR spectroscopy,TG/DT analysis, scanning electronmicroscopy and temperature programmed desorption of ammonia were used to characterize the catalysts. Chapter 4 Studies on bulk ammonium salt of 12-molybdophosphoric acid catalysts Section 1: Comparison of the structure and reactivity of the 12-molybdophosphoric acid and its ammonium salt pretreated at different temperatures in ammoxidation of 2-methylpyrazine AMPA was found to be thermally more stable than MPA as revealed by the decomposition temperature of the Keggin ion, which was above and below 400 o C for AMPA and MPA respectively. Whereas the AMPA catalysts pretreated at temperature in the range of 300 to 450 o C showed almost consistently high and stable MP conversion, that obtained on MPA catalysts were low initially and improved with reaction temperature. These results indicate a clear advantage of AMPA over MPA, even though MPA transformed into AMPA during the reaction. The CP selectivity was also high in the case of AMPA catalyst. However, at very high pretreatment temperature (500 o C), AMPA showed very low activity due to the formation of molybdenum phosphide like structure, which might be hindering the regeneration of decomposed Mo and P oxides into AMPA. The activity patterns of the low temperature calcined catalysts also revealed that the AMPA catalyst offers the flexibility of conducting the reaction either at maximum conversion with restricted selectivity or with very high selectivity at restricted conversion, the latter being environmentally highly attractive. Section 2: Effect of method of preparation on the structure and activity of ammonium salt of 12-molybdophosphoric acid: Solid-Solid wetting method Several methods are reported for the preparation of the salts of HPA exhibiting the Keggin structure. Usually, the direct precipitation through addition of either stoichiometric or non-stoichiometric amounts of cations in the solution containing the dissolved acids is frequently adopted. Apart from their less corrosive properties, the ammonium salts ofphosphoric acid are preferred to their parent acid because of their lesser interaction with the supports. Solid-solid wetting method has been recognized one of interesting methods to prepare catalytic materials. In this section, the results obtained on the preparation by the simple solid-state interaction method and the characterization of the AMPA catalyst are summarized From XRD, FTIR, 31 P MAS NMR, SEM and TPDA results, the presence of AMPA up to 400-450 o C was observed. The preparation of AMPA by solid?state interaction starting with the ammonium salts of Mo and P was established. A good correlation between the amount of ammonia present in the catalysts and the ammoxidation functionality indicated that the ammonium salt is primarily responsible for the activity. It was understood that the regenarability of AMPA during the reaction might be the reason for reasonable activity in the case of high temperature pretreated catalysts. Section 3: The influence of phosphorous precursor on the synthesis and catalytic activity of the ammonium salt of 12-molybdophosphoric acid Though extensive research work has been carried out on the thermal stability and catalytic properties of AMPA there has been no detailed study on the nature of the intermediate species and the final compounds formed during the synthesis, when the sources of phosphorous differ in their ammonium content The present section describes the results on synthesis of AMPA by taking i) diammonium hydrogen orthophosphate and ii) ammonium dihydrogen orthophosphate as the sources of phosphorus and reacting them with ammonium heptamolybdate. AMPA was found to be the main component in both the cases upto a pretreatment temperature of 400 o C. The activity of the two series of catalysts was found to be proportional to the ammonium content of the catalysts. However, at higher calcination temperatures there was a difference in the nature of final products. Mo(OH)3PO4 was the main component in the former case, while an unidentified amorphous phase dominated the latter case. This difference is attributed to the difference in the ammonium content inthe precursor. It was observed that the catalysts containing the basic molybdenum phosphate as the major phase displayed higher selectivity since this phase could be transformed into AMPA during the reaction, as revealed by the XRD patterns of the used catalysts. It appears that the excess ammonia stabilizes the Mo(OH)3PO4 phase. The role of excess ammonia in the stabilization of Mo(OH)3PO4 is not clearly understood yet. Chapter 5 Studies on supported ammonium salt of 12-molybdophosphoric acid catalysts Section: 1 Studies on hydrated Nb2O5 nH2O and crystalline Nb2O5 supported ammonium salt of 12-molybdophosphoric acid The properties of HPCs, like low surface area and inadequate thermal stability, prompted the researchers to disperse them on suitable supports, ranging from Al2O3, which contains considerable amount of basic centers and SiO2, SiO2-Al2O3, Nb2O5 containing acid centers. It is known that supports, which contain basic centers, bring about the decomposition of the polyanion, due to the interaction of the HPA with the support forming a compound between the two. In the case of acidic supports, the hydroxyls gets protonated and interact with the negative heteropoly ion leading to electrostatic attraction which brings about better dispersion. Better HPA-support interaction improves the thermal stability of the HPA when compared with the bulk acid. The ammonium salt also contains strong acid sites. The super acidity is reported to be the manifestation of the presence of residual protons in the ammonium salt. Hence, the ammonium salt is also expected to display variation in the nature of HPA-support interaction depending on the acid-base character of the support. Giving due consideration to these observations, the present thesis a systematic study was carried out on AMPA supported on different supports (Nb2O5, SiO2, TiO2, ZrO2, and Al2O3), which vary in their acid-base properties, since the applicability of these catalysts for high temperature, vapor phase reactions is the prime requisite, the catalysts were initially activated in air at 300-400oC. Attention was particularly focused on identifying the nature of interactive species. Correlations were drawn between the physico-chemical properties and the corresponding activity and selectivity of the catalysts. To study the role of the acidity of the support, hydrated Nb2O5 and crystalline Nb2O5 were taken and impregnated with AMPA. Characterization of these catalyst samples revealed that AMPA was finely dispersed and had a strong electro-static interaction with hydrated Nb2O5, whereas the dispersion as well as interaction was nominal in case of crystalline Nb2O5 case. With increase in AMPA loading the catalyst attained bulk nature in case of hydrated Nb2O5 and a consistent increase in conversion of MP and nitrile selectivity was observed. In the case of crystalline Nb2O5, with increase in loading, the activity decreased and the selectivity increased. This is explained as due to the loss of acidity of catalyst during pretreatment. The catalyst behaved as a solid mixture of both support and active phase. Section: 2 Studies on SiO2 supported ammonium salt of 12-molybdophosphoric acid SiO2 is probably the most frequently used support for the heteropoly acids, in comparison with others like Al2O3 and SiO2-Al2O3. MPA and its metal salts supported on silica have been employed as catalysts in various reactions. However, controversial reports are published on thermal stability of MPA when supported on SiO2. The present thesis examined the influence of SiO2 as a support for the preparation of the catalysts. The MP conversion gradually increased with increase in loading at low reaction temperatures. However, the conversion reached its maximum value at higher reaction temperatures and remained steady with loading, which may be due to the facile transformation of the distorted Keggin unit to the AMPA phase. Whereas increase in conversion was observed with increase in reaction temperature at any loading decreasing trend was observed in the selectivity to CP. At lower loadings the interaction between surface hydroxyl groups and Keggin ion is more leading to destruction of Keggin ion into its oxides. At a loading of 25wt.%, the catalyst attained its bulk nature. The high surface area of these catalysts led to occurrence of undesired reactions (dealkylation, combustion) leading to decrease the nitrile selectivity.Section: 3 Studies on TiO2 supported ammonium salt of 12-molybdophosphoric acid TiO2 is the most frequently used catalyst or support for various reactions. Among the supports used to prepare the supported heteropoly acids, TiO2 has attracted maximum attention in view of its stabilizing effect on the Keggin structure. Catalysts with varying AMPA contents were prepared and were subjected to thorough characterization. MP conversion increased up to 15wt.% and there after remained almost constant. The values of the half-width of the 1060 cm -1 band correspond to P-O stretching vibration in FTIR spectrum of fresh catalysts also have displayed a similar trend. Hence, it appears that the extent of interaction of the salt with the support reaches a maximum at about 15wt. %. Further increase in loading (where crystallization of the salt was observed) did not increase the conversion. This observation may be valuable in the characterization of supported heteropoly acids and their salts in determining the maximum extent of loading where the activity is also the maximum. The significance of impregnation of the salt on the support was also manifested in obtaining enhanced selectivity. Whereas high selectivity to pyrazine was observed on TiO2 support, impregnation of the support with 5wt.% salt completely reversed the trend by offering high selectivity to CP. It indicates that the acid centers on TiO2, on which pyrazine formation is more facile, are progressively covered by the salt, simultaneously exposing more number of active sites of AMPA. Section: 4 Studies on ZrO2 supported ammonium salt of 12-molybdophosphoric acid This section describes the results on the synthesis of AMPA/ZrO2 by a simple wet impregnation method. The role of the support in dispersing the active component is discussed. The extent of ammonium salt formation on the support is correlated with its activity and selectivity in the ammoxidation of MP to CP, at different reaction temperatures. The pure support was inactive, while upon 5wt% AMPA loading the catalyst showed considerable activity with complete formation of dealkylation product (pyrazine).Further increase the loading to 10 wt% the activity and the nitrile selectivity increased, beyond 15 wt% the activity remained constant and the nitrile selectivity reached close to 100%. The 5 wt% sample showed a peculiar behavior, which may be because of high dispersion of Keggin species (intact as well as fragmented) and also the high density of the surface hydroxyl groups. A combination of NMR and FTIR analyses showed that the AMPA was present in different forms on the ZrO2 surface; a bulk salt phase, two weakly bound intact Keggin species, a range of partially fragmented clusters such as the 11-?defect? Keggin ion. Partial fragmentation of the Keggin unit, in to a species such as [M11O39P-OH], may also result into the interaction. In the case of higher AMPA loading, decrease in the intensity of interactive species, and increase in the intensity of the peaks corresponding to bulk AMPA was observed. This might be explained as due to the complete formation of AMPA multi layers on support surface. With increase of AMPA loading the extent of formation of lacunary species was also found to be more. This phenomenon is occurring probably due to the interaction of AMPA with basic hydroxyl groups of amphoteric ZrO2. Section: 5 Studies on g g -Al2O3 supported ammonium salt of 12-molybdophosphoric acid In general, heteropoly ions strongly interact with supports at low loading, while the bulk properties of these materials prevail at high loading. Acidic substances such as SiO2 and carbon are found to be suitable as supports, whereas some supports having basic centers on their surfaces (such as and MgO) bring about the decomposition of polyanions. However, significant activities have been reported in some cases. More over, there is no report on the AMPA/Al2O3 catalytic system and its ammoxidation functionality. Hence, it is relevant to study the behavior of ammonium salt of AMPA on g-Al2O3. The conversion was low initially and steadily increased with loading, reaching a maximum value at 25 % loading. The selectivity also remained low. It appears that the sluggish nature of the catalysts, particularly at low loading, is due to the formation of an unwanted compound between the salt and the support. XRD and 31 P MAS NMR resultsrevealed the formation of different phases other than AMPA at lower AMPA loading (5-10%) and at higher loading (15-20%) bulk AMPA species predominated. Existence of metal phosphates may be responsible for low nitrile selectivity. Chapter 6 Transition metal modified ammonium salt of 12-molybdophosphoric acid catalysts Section: 1 Studies on vanadium substituted ammonium salt of 12-molybdophosphoric acid catalysts The addition of transition metals to heteropoly compounds is an important approach to control their redox properties and improve their thermal stability. Metal can be coordinated with a heteropoly ion in three different ways to form metal coordinated polyions, which show unique catalytic activities for various reactions. The simple combination of metal salts with heteropoly ion is the most commonly used method to prepare the transition metal modified heteropoly compounds. This section deals with the preparation of vanadium substituted ammonium salt of MPA and its influence on the physico-chemical properties and ammoxidation functionality. Two series of catalysts were prepared with increasing the number of vanadium atoms from 1 to 2 and subsequently decreasing the Mo atoms from 11 to 10 to maintain the stoichiometry of Keggin unit. Vanadium substituted AMPA catalysts showed remarkable activity and selectivity when compared with the pure AMPA catalysts. This fact can be explained on the basis of increase in redox properties of the AMPV1 catalysts by addition of V atom and expulsion of vanadium atoms from the Keggin ions at high calcination temperature causing development of V 4+ atoms on the surface of the catalysts. These species are more active for ammoxidation reaction. The presence of extra vanadium atoms in the catalysts was found to be responsible for decrease in conversion and increase in the selectivity. Catalysts with one V atom incorporation showed better thermal stability than the catalystcontaining two V atoms. The addition of excess V may be responsible for the formation of the defective Keggin ion species. Section 2: Studies on bismuth substituted ammonium salt of 12-molybdophosphoric acid catalysts The present section describes the physico-chemical properties of Bi modified AMPA. The influence of addition of Bi atoms to AMPA was studied by comparing their ammoxidation functionality with that of the pure ammonium salt of MPA. Two series of catalysts with increasing amounts of bismuth atoms from 1 to 2 and subsequent decrease in the Mo atoms from 11 to 10, to maintain the stoichiometry of Keggin unit were prepared. The addition of bismuth metal to the salt appeared to have enhanced the thermal stability of the salt. However, the sample with two Bi atoms showed the diffraction lines due to AMPA and bismuth phosphomolybdate with the formula Bi9PMo12O52. The AMPBi1 catalysts calcined at 300 and 350 o C showed 45% conversion of MP with 92% selectivity to CP at 360 o C reaction temperature. With increase in reaction temperature the conversion of MP increased to 94% at 420 o C and the selectivity to CP was decreased to 85%. It was already explained that at high conversion levels, the selectivity to CP decreases, which may due to the non-catalytic reaction, i.e., conversion of CP to pyrazine via formation of carboxylic acid in the presence of air and its decarboxylation leading to pyrazine formation. With increase in calcination temperature from 400-500 o C, a small increase in conversion of MP and decrease in selectivity to CP was observed at all reaction temperatures. This behavior may be because of presence of bismuth presented in the samples may segregated into unidentified mixed oxides. This type of amorphous materials can enhance the redox nature of the catalysts. The AMPBi2 catalysts calcined at 300 and 350oC showed 50% conversion of MP with 90% selectivity to CP at typical reaction temperature of 360 o C. With increase of calcination temperature to 400 to 500 o C, the conversion and selectivity to CP both are decreased. This may be due to the extent of formation of AMPA is less in this casebecause of formation of bismuth phosphomolybdate during the catalyst preparation. The regenerability of AMPA is also less when compared with AMPBi1 catalysts. These two factors are affected on the ammoxidation functionality of these catalysts. Section: 3 Studies on antimony substituted ammonium salt of 12-molybdophosphoric acid catalysts Very few studies have been devoted to the effect of antimony on the catalytic properties of heteropoly compounds in reactions of selective oxidations and ammoxidation reactions, even though antimony is a well-known component of catalysts for this class of reactions. The metals added could either be positioned outside the Keggin unit in the secondary structure in the form of cations, or directly replace polyatom in the anion. These ions sometimes have considerable effect on the catalytic behavior since they are directly involved in the oxidation mechanism, influencing the redox properties of the compound or modifying its acid-base properties. In this section three series of catalysts with increasing amounts of antimony atoms from 1 to 3 and a consequence decrease of Mo atoms from 11 to 9 to maintain the stoichiometry of Keggin unit were prepared. The catalysts are designated as AMPSb1, AMPSb2 and AMPSb3 for 1 to 3 antimony atoms respectively. The AMPSb1, AMPSb2 and AMPSb3 catalyst samples calcined at 300 to 400 o C shown a typical cubic structure. At 450 and 500 o C the AMPSb1 and AMPSb2 samples showed complete decomposition of salt. On the other hand AMPSb3 sample shows small diffraction peaks corresponding to ammonium salt. This is a clear evidence for the enhancement of thermal stability of ammonium salt by the addition of higher amount of antimony atoms Stabilization of secondary structure was more pronounced in the case of catalysts containing 3 atoms per Keggin unit. In XRD patterns of AMPSb1 and AMPSb2, the formation of MoO3 was observed in samples calcined above 400 o C, but in FTIR spectrum of these catalysts showed the characteristic bands of Keggin ion at this temperature. This contradiction can be interpreted either by assuming that the loss of ammonium does notlead to decomposition of the Keggin ion, since proton or antimony were left which can effectively act as a cation in the secondary structure. AMPSb1 sample calcined at 300 o C offered 54% conversion with 92% selectivity to CP at 380 o C, where as increasing with antimony content to 2-3 the conversion was decreased to 45-20% and selectivity to CP was increased to 97-100%. Similar behavior was observed in other reaction temperatures also. With increase of reaction temperature increase in conversion and decrease in selectivity to CP was observed. With increase of calcination temperature from 300 to 500 o C, all the samples showing the increase in conversion and a slight decrease in selectivity to CP was observed. This fact can be explained by taking the hypothesis that with increase of calcination temperature, amount of ammonia expelled out from the secondary structure is more and amount of antimony going into the secondary structure will increase. It is known that the due to the redox reaction between the [PMo12O40] 3- and the residual Sb 3+ ions the oxidation state of Mo reduced from 6 to 5. This extent of reduction is directly proportional to the antimony content. From this discussion we can say that the sample AMPSb3 is hiving the more amount of Mo 5+ species. Presence of reduced molybdenum species (Mo 5+ ), which are known to be more active in redox type reactions is the reason for getting high conversions and yields of CP. 
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